The sublimation enthalpies of 17 hydrocarbons are obtained by combining the technique of correlation gas chromatography (CGC), to evaluate vaporization enthalpies at 298.15 K, and differential scanning calorimetry (DSC) to measure fusion enthalpies. Vaporization enthalpies at 298.15 K obtained by CGC are compared to values measured directly from vapor pressure measurements at temperatures above the melting point by adjusting the experimental vaporization enthalpy for the effects of temperature. Vaporization enthalpies obtained by these two methods agree within AE3877 J mol À1 . Fusion enthalpies are similarly adjusted for temperature. Sublimation enthalpies, obtained by combining temperature adjusted fusion, and vaporization enthalpies agree within AE2580 J mol
Introduction
Sublimation enthalpies are an important macroscopic measure of the magnitude of intermolecular interactions in the solid state [1] . A variety of experimental techniques have been developed to measure sublimation enthalpies. These include measurements of mass transport by means of gas saturation techniques, Knudsen and torsion effusion, head-space analysis and calorimetry [2] . Many of these techniques require both, sophisticated equipment and highly trained personnel or involve measurements that are time-consuming and labor-intensive. Recently, we documented how a simple gas chromatographic technique could be used to obtain enthalpies of vaporization at 298.15 K [3] . We have now applied this technique to a series of 17 solid hydrocarbons, and have obtained vaporization enthalpies for these solids at 298.15 K. Combining these vaporization enthalpies with experimental fusion enthalpies adjusted to 298.15 K, using a protocol recently described, results in reliable sublimation enthalpies [4] . This report illustrates how this protocol can be applied to obtain accurate sublimation enthalpies. Included in the 17 hydrocarbons are two compounds with reported sublimation enthalpies of questionable value. The sublimation enthalpy of these two compounds are measured both by DSC-CGC and head-space analysis.
Theoretical

Sublimation enthalpies
Accurate measurements of sublimation enthalpy can be obtained by combining the results of Eq. (1) with those of Eqs. (2) and (3) [4] . Eq. (1) is a thermodynamic equality which provides accurate sublimation enthalpies at the melting point of a solid, T fus . Vaporization enthalpies can be adjusted from 298.15 K to T fus by using Eq. (2) . The sublimation enthalpy obtained at T fus , can then be adjusted back to 298.15 K by using Eq. (3) as has been documented recently [4, 5] :
The symbols C Pl estd and C Pc estd in Eqs. (2) and (3) refer to the heat capacities of the liquid and solid phases of the compound in question at 298.15 K and can be estimated by group additivity [6] . The reliability of Eqs.
(1)±(3) has been tested against experimental data. Sublimation enthalpies obtained by using Eqs.
(1)±(3) have been compared to results measured directed for a series of 117 compounds. A standard deviation of AE4210 J mol À1 was observed between experimental sublimation enthalpies measured directly and those obtained through the use of Eqs.
(1)±(3) [4] .
Correlation gas chromatography and head space analysis
Gas chromatography has previously been used to measure thermodynamic properties of solutions. Recently, we reported a simple modi®cation of a technique used by Peacock and Fuchs [7] to obtain vaporization enthalpies of a variety of simple organic molecules including hydrocarbons. The procedure has been detailed previously [3] . A brief outline is provided below, using the data in Table 1 as an example.
Included among the compounds measured previously [3] were a few hydrocarbons that are solids at 298.15 K. If the retention time measured by the gas chromatograph is inversely proportional to the vapor pressure of the solute in solution on the stationary phase of the column, then the enthalpy of transfer Á v sln H m T that is measured from a study of the temperature dependence of retention time should be independent of the physical state of the material at 298. 15 [3] .
Vaporization enthalpies at 298.15 K, obtained for the liquid state of solids, when added to their respective fusion enthalpies corrected to 298.15 K result in reasonable estimates of their sublimation enthalpies [3, 4, 8] . We would now like to report the application of this technique using the protocol described above (Eqs. (1)±(3)) to evaluate the sublimation enthalpy of a total of 17 solid hydrocarbons. It should be emphasized that the vaporization enthalpies of these (2) gives good agreement with the value measured by correlation gas chromatography. Combination of the vaporization enthalpy with the corresponding fusion enthalpy, according to the protocol de®ned by Eqs.
(1)±(3), results in a sublimation enthalpy which compares very favorably to the value measured directly [4] . In addition to using literature values for comparison of sublimation enthalpies, obtained by the combined DSC-CGC method, we would also like to report the sublimation enthalpies of 1,8-cyclotetradecadiyne and azulene measured directly by head-space analysis. Measurement of the sublimation enthalpy of 1,8-cyclotetradecadiyne has been repeated because of a large discrepancy observed between the value, calculated using Eqs. (1)±(3) (94 348 J mol À1 , Table 6 ) and the literature value of (166 000 J mol À1 , [9] ). The sublimation enthalpy of azulene has been reported several times. These enthalpies are summarized in Table 5 . For a molecule with many physical properties markedly similar to naphthalene, a standard in sublimation calorimetry, agreement between three out of the four reported values is quite poor. This prompted us to measure this value again, both by head-space analysis and by the combined protocol of DSC-CGC and associated Eqs. (1)±(3). The results of using the combined protocol of DSC-CGC for both 1,8-cyclotetradecadiyne and azulene are reported in Table 6 .
Experimental
Instrumentation and procedure-correlation gas chromatography
All the gas chromatographic experiments described here were performed on a Hewlett±Packard Model 5890 Series II Gas Chromatograph equipped with a split/splitless capillary injection port and a¯ame-ionization detector. The column temperature was monitored independently using a Kluke 51 K/J thermometer. Additional details of the equipment and of the procedure have been described previously [3] . Retention-time data for the 17 compounds listed in Table 6 along with the standards used have been reported [3, 8, 10] . Some data are included in Table 1 and the protocol used in treating the data is discussed below. Results for the seventeen compounds listed in Tables 5 and 6 are in most instances averages of a variety of experiments, some from duplicate runs, others from experiments performed under different conditions of temperature, column and internal standards (various n-alkanes). Typical columns used include the following: 30 m DB-5, 60 m DB-5MS, and a 30 m HP-1 column. The standard deviations associated with the reproducibility of the experiments reported in the second column of Table 5 varied from 300 to 700 J mol À1 . The literature values used for the n-alkanes C 10 ±C 20 are those recently recommended by Ruzicka and Majer [11] and, for C 21 ±C 28 , those recommended by Chickos and Wilson [12] .
Instrumentation and procedure-head-space analysis
The procedure used in head-space analysis has been detailed previously [2] . 1,8-Cyclotetradecadiyne, purchased from K and K Laboratories was recrystallized from acetone, mp 96.7±97.38C ( [9] ). The sample was assayed as 99.93% pure by gas chromatography on a 5 mÂ0.53 mm DB-1 Megabore capillary column. Two impurities with longer retention times were also observed.
1 H and 13 C NMR con®rmed both the chemical composition and purity of the sample. An infrared spectrometer, a PE Model 783 equipped with a data station was used in these experiments. Absorbances were calibrated with prepared standard solutions of 1,8-cyclotetradecadiyne in a matched set of 0.2 mm NaCl solution cells by measuring the absorbance at 2927 cm À1 relative to the baseline at 3050 cm À1 in carbon tetrachloride. Sixteen values of vapor pressures, varying from 0.6 to 55 Pa, were measured over the 315±364 K range. It is important to recognize that while the temperature dependence of the vapor pressure measured by head-space analysis is reliable, the actual value of the vapor pressures is not, and vapor pressures as determined by head-space analysis should be considered only as approximate values. The results are shown in columns 1±4 of Table 3. A sample of azulene, kindly provided to us by Professor William Herndon, was determined to be 99.46% pure as assayed by gas chromatography on a 30 mÂ0.32 mm DB-5 capillary column, mp 99.2± 1008C (99±100.58C [18] 
Differential scanning calorimetry
Fusion enthalpies were determined on a Perkin± Elmer Model DSC-2 differential scanning calorimeter interfaced to a computer and calibrated with indium metal (28700AE330 J mol À1 [23] ). All analyses were performed in triplicate. The fusion enthalpy of azulene measured in a standard aluminum sample pan was 19200AE500 J mol À1 . Upon reweighing the sample, a 3±8% weight loss was detected. Repetition of this set of experiments using stainless-steel high-pressure capsules (PE B018-2901) resulted in a value of 17530AE800 J mol À1 with no detectable weight loss. Similarly, for adamantane, a fusion enthalpy of 10910AE800 J mol À1 was measured using the high pressure cells.
Results and discussion
Vaporization enthalpies of trans-stilbene and anthracene
In the correlation gas chromatography experiments, the dead volume of the column is generally obtained by measuring the retention time of an unretained component injected in the mixture. In the experiments described in Table 1 , the solvent carbon tetrachloride is not retained on the column and its retention time is used for this measurement. As the temperature is increased, the viscosity of the helium carrier gas increases and the¯ow rate decreases, thereby increasing the retention time of carbon tetrachloride rt Table 2 , results in Eq. (4). This relationship is used to evaluate the vaporization enthalpies of the unknowns. The vaporization enthalpies reported for trans-stilbene and anthracene in Table 2 are derived from Eq. (4); those reported in Tables 4  and 6 are averages of several determinations by gas chromatography. 
Sublimation enthalpies of 1,8-cyclotetradecadiyne and azulene
The sublimation enthalpies of 1,8-cyclotetradecadiyne and azulene were obtained from a Clausius± Clapeyron treatment of the data in Tables 1 and 3 . A plot of ln(vapor pressure) against 1/T (K À1 ) resulted in Eqs. (5) and (6) [9] . A similar discrepancy has been noted for the value reported for cyclotetradecane [9, 14, 31] . The result of 78 550 J mol À1 (298.15 K) for azulene is in good agreement with two of the four values reported previously and suggest that the sublimation enthalpy is slightly larger than the value accepted for naphthalene. This is consistent with the more polar nature associated with the structure of azulene. These results along with other literature values are summarized in Table 5 and compared to the DSC-CGC results in Table 6 .
Vaporization enthalpies of solids by correlation gas chromatography
Many of the solids selected to test the DSC-CGC results were chosen because vaporization and/or sublimation enthalpies are readily available. All vaporization enthalpies were calculated from vaporpressure measurements performed at temperatures (2), by replacing T fus and terms associated with T fus with values appropriate to the mean temperature, T. Table 4 
Sublimation enthalpies using DSC-correlation gas chromatography
Compounds chosen to test the accuracy of Á sub H m (298.15 K) measured by DSC-CGC were selected because of the availability and reliability of their sublimation enthalpies. These values are summarized in Table 5. This table includes sublimation enthalpy  values available in the literature and identi®es how experimental values were selected for the comparisons that follow. All sublimation enthalpies reported at temperatures other than 298.15 K have been adjusted to 298.15 K using Eq. (3) by replacing T fus and terms associated with T fus with values appropriate to the mean temperature of measurement, T. The heat capacities used for each temperature adjustment were estimated. The C Pc estd (298.15) values used for each of the compounds in Table 5 are included in Table 6 .
Sublimation enthalpies obtained by the combined technique of CGC-DSC and associated equations can be compared to direct experimental measurements in Table 6 . The second column of the table lists the vaporization enthalpies measured by correlation gas chromatography. The experimental fusion enthalpy for each compound is listed in column 3 followed by its melting point. The estimated heat capacities used in Eqs. (2) and (3) follow in the next two columns [6] .
The sublimation enthalpy calculated according to Eqs. (1)±(3) is listed in column 7 and the experimental sublimation enthalpy obtained from Table 5 is listed in the last column. A comparison of these two columns results in a standard deviation of AE2580 J mol
À1
. This uncertainty is similar to the uncertainty generated by a direct comparison of the experimental literature values in Table 5 and suggests that the protocol described by combining CGC with DSC, and adjusting the resulting enthalpies for temperature is equally useful for obtaining reliable sublimation enthalpies. The sublimation enthalpy of adamantane requires some additional comment. It has previously been shown that extrapolations using Eqs. (2) and (3) are valid from 200 to 500 K [4] . Since melting point of adamantane is 541 K, temperature adjustments using these two equations for this compound are likely to be less reliable.
Summary
The sublimation enthalpies obtained by head-space analysis and combined DSC-CGC for both, 1,8-cyclotetradecadiyne and azulene are in good agreement with each other. The agreement obtained con®rms that the literature value for reported for 1,8-cyclotetradecadiyne is in error. The value measured for azulene by head-space analysis, 78 850 J mol À1 , compares quite favorably with two of the literature values. A mean value of 76 880 J mol À1 was selected on this basis. The value measured by the combined CGC-DSC of 72 731 J mol À1 is somewhat less than this but the results obtained for both 1,8-cyclotetradecadiyne and azulene are within the AE4200 J mol À1 accuracy that characterizes this protocol [4] .
The results of these experiments demonstrate the applicability of the combined DSC-CGC technique on hydrocarbons. In principle, this method should work equally as well for any class of compounds shown to give reliable vaporization enthalpies by CGC [3] . Advantages of the method include small sample requirements and ease of measurement. The protocol described above accommodates measurements performed at different temperatures, including the use of hypothetical as well as actual phase change enthalpies.
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